Neural stem cells reside in two major niches in the adult brain [i.e., the subventricular zone (SVZ) and the dentate gyrus of the hippocampus]. Insults to the brain such as cerebral ischemia result in a physiological mobilization of endogenous neural stem cells. Since recent studies showed that pharmacological stimulation can be used to expand the endogenous neural stem cell niche, hope has been raised to enhance the brain's own regenerative capacity. For the evaluation of such novel therapeutic approaches, longitudinal and intraindividual monitoring of the endogenous neural stem cell niche would be required. However, to date no conclusive imaging technique has been established. We used positron emission tomography (PET) and the radiotracer 3Ј-deoxy-3Ј-[ 
Introduction
The discovery of neural stem cells (NSCs) in the adult brain and their ability to self-renew and differentiate into tissue-appropriate functional cell types has raised intense scientific interest and the hope of radical new therapies for neurological diseases (Temple, 2001; Arvidsson et al., 2002; Nakatomi et al., 2002) . In the adult brain, neuronal replacement mainly occurs in two areas [i.e., the subventricular zone (SVZ) adjacent to the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus in the hippocampus (Altman and Das, 1965; Kuhn et al., 1996; Doetsch et al., 1999) ]. Expansion of the endogenous stem cell niche holds promise for the protection of damaged tissue, and possible cell replacement, and avoids the problems associated with tissue sampling and immunocompatibility inherent to transplantation strategies. Endogenous NSCs can be expanded in vivo via pharmacological agents that stimulate their proliferation and/or their survival. For example, application of growth factors to the rodent brain such as fibroblast growth factor 2 (FGF2) or epidermal growth factor (EGF) enhances endogenous NSC proliferation (Kuhn et al., 1997; Martens et al., 2002) , whereas activation of the Notch1 receptor increases NSC survival (AndroutsellisTheotokis et al., 2006 (AndroutsellisTheotokis et al., , 2008 (AndroutsellisTheotokis et al., , 2009 . Moreover, insults such as cerebral ischemia or various neurodegenerative diseases can result in mobilization of endogenous NSCs and their migration toward the compromised areas (Liu et al., 1998; Curtis et al., 2003; Jin et al., 2004; Zhang et al., 2008) . To date, however, the assessment of endogenous NSC mobilization and migration requires the sacrifice of experimental animals for immunohistochemical evaluation because no method has yet been conclusively established to image endogenous NSCs in the brain in vivo.
Here we report for the first time that endogenous NSCs can be visualized in the living animal with positron emission tomography (PET) using the radiotracer 3Ј-deoxy-3Ј- [ 18 F]fluoro-Lthymidine ([ 18 F] FLT) that enables imaging and measuring of cell proliferation. We show that [ 18 F]FLT-PET not only detects endogenous NSCs in the healthy normal brain but can also be used to quantify NSC mobilization mediated by pharmacological stimulation or focal cerebral ischemia.
Materials and Methods

Radiochemistry. [
18 F]FLT was synthesized by nucleophilic substitution using benzoyl-protected anhydrothymidine according to the method of Machulla et al. (2000) , with minor modifications, and as described previously (Jacobs et al., 2007) . The synthesis was carried out using an automated synthesis module (Nuclear Interface). After 18 F incorporation, the protected intermediate product was hydrolyzed with 1% NaOH and the final product was isolated via preparative HPLC.
Cell culture. Neural stem cells were cultured from fetal rat cortex at embryonic day 14.5 according to the method of Johe et al. (1996) . Cells were expanded as monolayer cultures in serum-free DMEM/F12 medium (Invitrogen) with N2 supplement (Invitrogen) and FGF2 (10 ng/ ml, Invitrogen) for 5 d and were replated fresh or from frozen stocks at 10,000 cells per cm 2 . FGF2 was included throughout the experiments. Neurons were dissected from fetal rat hippocampus at embryonic day 18.5 and grown as glia-free cultures in Neurobasal medium (Invitrogen) supplemented with L-Glutamine and B27 (both: Invitrogen).
Immunocytochemical stainings to characterize cell identity and morphology included the monoclonal antibodies (mAb) against SOX2 (R&D Systems) and MAP2 (Millipore).
To determine the ratio of proliferating cells, 10 M bromodeoxyuridine (BrdU; Fluka) was added to cultures for 6 h, before cells were fixed with 4% PFA. Cells were stained with mAb against BrdU to identify proliferating cells (clone BU-33, dilution 1:100, Sigma). For antigenretrieval before staining, sections were incubated in 2N HCl for 30 min. For visualization, FITC-labeled anti-mouse IgG was used (Invitrogen).
For All cell culture experiments were performed in triplicate. Animals and surgery. All animal procedures were in accordance with the German Laws for Animal Protection and were approved by the local animal care committee and local governmental authorities. Spontaneously breathing male Wistar rats weighing 290 -330 g were anesthetized with 5% isoflurane and maintained with 2.5% isoflurane in 65%/35% nitrous oxide/oxygen. Intracerebroventricular injections. One group of animals (n ϭ 7) underwent a single intracerebroventricular injection of drugs. Of those, three received 5 l of a cocktail consisting of 6.7 g fibroblast growth factor 2 (FGF2), 6.7 g Delta-like 4 (Dll4), and 50 g insulin, whereas four animals received 5 l of a solution containing 6.7 g Dll4 and 50 g insulin only. Each animal was stereotactically injected with the respective cocktail into the left lateral ventricle, using the following stereotaxic coordinates: bregma anteroposterior Ϫ0.9 mm, mediolateral ϩ1.4 mm, ventrodorsal ϩ3.8 mm. As controls, n ϭ 3 rats were sham-injected (placebo group), and n ϭ 3 rats were not injected at all (untreated group).
Focal cerebral ischemia. In n ϭ 3 rats, permanent focal ischemia was produced by intraarterial injection of TiO 2 spheres into the middle cerebral artery (MCA) as described elsewhere (Gerriets et al., 2004a) . In brief, after exposure of the left common carotid artery (CCA), internal carotid artery (ICA), and external carotid artery (ECA), the ECA and the pterygopalatine branch of the ICA were ligated. Polyethylene tubing filled with saline and four TiO 2 macrospheres of 0.315-0.355 mm in diameter was advanced through the CCA into the ICA until the tip of the tube was placed distal to the origin of the pterygopalatine artery. The macrospheres were advanced into the ICA by slow injection of ϳ0.2 ml saline.
In n ϭ 4 rats, transient focal ischemia was induced by temporary occlusion of the left MCA (MCAO) using a silicone-coated nylon suture that was introduced through a small arteriotomy of the CCA as described previously (Gerriets et al., 2004b) . The filament was advanced into the ICA 18 to 23 mm beyond the carotid bifurcation until mild resistance indicated that the tip was lodged in the anterior cerebral artery blocking the blood flow to the MCA. Reperfusion was induced by withdrawing the suture after 90 min.
After surgery, all animals were allowed to recover from the anesthesia and were put back into their home cages, where they were given access to food and water ad libitum. Starting on day 4 after intracerebroventricular injection of drugs or after induction of ischemia, respectively, the tracer BrdU was injected intraperitoneally once daily for 5 d at a dose of 50 mg/kg/d to label dividing cells.
Magnetic resonance imaging. In all animals subjected to stroke, MRI was performed 6 d after induction of ischemia to characterize the extent of the ischemic lesions and the disruption of the blood-brain barrier (BBB). Rats were anesthetized with isoflurane, and experiments were conducted on a 4.7 T BioSpec system (Bruker BioSpin) with a 30 cm bore horizontal magnet, equipped with a self-shielded gradient system (max gradient 100 mT/m; rise time Ͻ250 s). Radio frequency transmission was achieved with a Helmholtz coil (12 cm diameter), and the signal was detected with a 22 mm diameter surface coil. The animals were positioned prone in a dedicated cradle with stereotactic headholder, with the surface coil placed directly over the head. During scanning, body temperature and respiration rate were monitored and maintained with a combination of in-house equipment and DASYLab (DasyLab) version 9.0 software. Twelve contiguous 1-mm-thick T 2 -weighted coronal images of the brain were acquired [repetition time (TR)/echo time (TE) ϭ 3000/14 ms, 16 echoes, field of view (FOV) ϭ 3.0 cm, matrix 128 ϫ 128] using a multislice multiecho Carr-Purcell-Meiboom-Gill (CPMG) sequence. Following the T 2 -weighted sequence, rats received an intravenous bolus injection of 1 ml/kg Gadolinium-DTPA, and for up to 25 min later, T1-weighted coronal images of the brain were acquired (12 contiguous images at 1 mm slice thickness, TR/TE ϭ 500/9 ms, 1 echo, FOV ϭ 3.0 cm, matrix 128 ϫ 128) using a conventional multislice multiecho spin-echo sequence.
Positron emission tomography. Seven days after intracerebroventricular injection of drugs or after induction of ischemia, respectively, PETimaging was performed on a microPET Focus 220 scanner (Concorde Microsystems; 63 image planes; 1.5 mm full width at the half maximum). Animals were anesthetized with 5% isoflurane, maintained with 2% isoflurane in 65%/35% nitrous oxide/oxygen, and placed in the scanner. Temperature was monitored using a rectal probe and maintained at 37 Ϯ 0.5°C by a thermostatically controlled water flow system (Medres). After a 10 min transmission scan for attenuation correction, rats received an intravenous bolus injection of [
18 F]FLT (1.0 -2.2 mCi/rat), and emission data were acquired for 90 min. PET data were reconstructed in 22 time frames of 2 ϫ 60s, 2 ϫ 120s, 6 ϫ 240s, 12 ϫ 300s. The last six frames (minutes 60 -90 after tracer injection) were averaged for quantification of PET data.
Image analysis. For image coregistration of MRI-and PET-data, the image analysis software VINCI was used, allowing for fast automated coregistration of all multimodal imaging data as previously described (Cízek et al., 2004) . PET images were additionally coregistered to ana- tomical data of a three-dimensional (3D) rat brain atlas constructed from the brain slices presented by Swanson (Swanson, 2003) . Based on the 3D anatomical data, ellipsoid Volumes of Interest (VOIs) measuring 4 mm 3 were placed to cover the SVZ as well as the dentate gyrus region of the hippocampus. A standard uptake value (SUV) was calculated for each VOI, dividing maximal VOI activity by the decay-corrected injected radioactive dose per body weight. SUVs were individually determined and then averaged between animals within each group.
Immunohistochemistry. Nine days after intracerebroventricular injection of drugs or after induction of ischemia, respectively, rats were deeply anesthetized and decapitated. The brains were rapidly removed, frozen in isopentane, and stored at Ϫ80°C before further histological and immunohistochemical processing. Ten-micrometer-thick adjacent serial coronal brain sections were cut at 500 m intervals and stained with mAb against BrdU to identify proliferating cells (clone BU-33, dilution 1:100, Sigma). For antigen-retrieval before staining, sections were microwave-heated in 0.01 M citrate buffer, pH 6.0, for 5 min, followed by 2N HCl at 37°C for 30 min. For visualization, the ABC Elite kit (Vector Laboratories) with diaminobenzidine (Sigma) as the final reaction product was used.
Statistical analysis. Descriptive statistics were performed with Microsoft Excel 2003 (Microsoft Corp.). Student t tests and one-way ANOVA (with post hoc Bonferroni correction) were performed with SigmaStat 3.0 (SPSS). Statistical significance was set at p Ͻ 0.05.
Results
Proliferating NSCs incorporate [ 18 F]FLT
Fetal rat cortical NSCs were grown as monolayer cultures. Immunocytochemical staining for the transcription factor SOX2 verified the identity and morphology of undifferentiated cells (Fig. 1 A) . Glial-free hippocampal neuron cultures stained positive for the neuron-specific cytoskeletal protein MAP2 (Fig. 1 B) . To quantify the respective proliferation rates, NSCs and neurons were exposed to the thymidine analog BrdU for 6 h, yielding 14.98% BrdU-positive NSCs and 0.64% BrdU-positive neurons (p Ͻ 0.01) (Fig. 1C,  left) . To assess whether proliferating NSCs would also incorporate radiolabeled thymidine [
18 F]FLT, cells were exposed to the tracer for 90 min. Within that time, proliferating NSCs had incorporated 456.96 Bq per cell, whereas nonproliferating neurons incorporated only 237.37 Bq per cell (p Ͻ 0.05) (Fig. 1C,  right) . (Fig. 2 A) . This corresponded to the BrdU accumulation in the SVZ verified ex vivo (Fig. 2 B) . 18 F]FLT in both SVZ (0.11 Ϯ 0.01) and hippocampus (0.12 Ϯ 0.01) were significantly higher than background (0.08 Ϯ 0.01; p Ͻ 0.05 and p Ͻ 0.01, respectively) (Fig. 2 D) .
Expansion of the proliferative zone around the lateral ventricles (SVZ) is quantitatively assessed by [ 18 F]FLT-PET in vivo
Mobilization of NSCs in the SVZ can be achieved by various pharmacological manipulations. We chose a single intracerebroventricular injection of a cocktail containing the growth factor FGF-2, the Notch1-ligand Dll4, and insulin, to expand the SVZ of adult rats (Fig. 3A) . Nine days after intracerebroventricular injection of FGF2ϩDll4ϩinsulin, the width of the SVZ was significantly increased (17.71 m Ϯ 3.03; p Ͻ 0.001) compared to sham-injected (3.83 m Ϯ 0.42) or untreated rats (4.12 m Ϯ 0.63) (Fig. 3 A, B) . Intracerebroventricular injection of Dll4 plus insulin without FGF2 also significantly expanded the SVZ, albeit to a lesser degree (6.34 m Ϯ 0.76; n.s.) (Fig. 3 A, B) . [ 18 F]FLT-PET detected increased proliferation in the SVZ in vivo (Fig. 3C) , with significantly elevated [
18 F]FLT binding after combined treatment with FGF2ϩDll4ϩinsulin (SUV 0.21 Ϯ 0.03; p Ͻ 0.01) compared to sham-injected (SUV 0.11 Ϯ 0.02) or untreated rats (SUV 0.11 Ϯ 0.01) (Fig. 3C,D) . Similar to our findings ex vivo, Dll4 and insulin together increased proliferation to a lesser degree (SUV 0.16 Ϯ 0.004; n.s.) (Fig. 3C,D) . Correlating the histological measure of NSC proliferation to the PET data, we found that for every 1 m increase in the width of the SVZ, the SUV of FLT increased by 0.007 (r ϭ 0.76, p Ͻ 0.01).
Stroke-induced changes in proliferation are detected by [
18 F]FLT-PET Permanent or transient focal cerebral ischemia was induced in the MCA territory of adult rats, causing characteristic signal alterations on T 2 -weighted MRI 1 week after induction of ischemia (Fig.  4 A) . Both stroke models caused lesions of similar extent. Tissue damage was verified histologically by H&E staining (Fig. 4 B) . Systemic injection of the contrast agent gadolinium revealed disruption of the BBB one week after stroke (Fig. 4C) , and histological assessment of BBB disruption by IgG-staining ex vivo corresponded to MRI data (Fig. 4 D) . Within the ischemic area, [ 18 F]FLT binding was elevated 1 week after stroke (Fig. 4 E, F (Fig. 4G) . Corresponding to the proliferative activity visualized by [ 18 F]FLT-PET in vivo, a multitude of cells within the ischemic area that incorporated BrdU were detected ex vivo (Fig. 4 H) . 5A ) and the hippocampus (Fig. 5B) . In both NSC niches, proliferative activity as assessed by [ 18 F]FLT-PET in vivo was elevated by about 35% as compared to nonstroke control animals, albeit this effect only reached statistical significance in the hippocampus ( p Ͻ 0.05) (Fig. 5C ). To explore potential causes for interindividual variability in NSC mobilization, infarct sizes were determined volumetrically based on MRI data. Indeed, there was a strong correlation between the extent of ischemic damage and the magnitude of stem cell mobilization, especially in the SVZ (R 2 ϭ 0.89, p Ͻ 0.05), but also in the hippocampus (R 2 ϭ 0.61, p Ͻ 0.05) (Fig. 5D ) with larger infarcts resulting in an increased [
Stroke-induced mobilization of
18 F]FLT binding in both the SVZ and the hippocampus.
Discussion
The discovery of NSCs in the adult brain nurtured the hope of using them to facilitate repair of damaged neural tissue. Initially, the main focus was on transplanting precursors that would then differentiate in vivo and replace lost neurons and glia (Renfranz et al., 1991; Brüstle et al., 1999) . However, problems with the poor survival of transplanted cells, the lack of control over those cells in vivo, and issues with immunocompatibility limit their usefulness in transplantation studies. The mobilization of endogenous NSCs has obvious advantages, and achieving control over NSCs in vivo has been in the focus of research activities over the past years (Craig et al., 1996; Magavi et al., 2000; Nakatomi et al., 2002; Androutsellis-Theotokis et al., 2006) . Increasing the number of NSCs in vivo was initially pursued by injecting growth factors such as FGF2 and EGF into the ventricles (Kuhn et al., 1997; Martens et al., 2002) . Those ligands for tyrosine kinase receptors increase the number of stem cells by stimulating their proliferative activity, a mechanism that is hampered, however, with the inherent risk of causing cancer. Recently, a general model of stem cell expansion was reported in which activation of the Notch receptor leads to increased survival of NSCs instead of inducing proliferation (AndroutsellisTheotokis et al., 2006 (AndroutsellisTheotokis et al., , 2008 (AndroutsellisTheotokis et al., , 2009 ). Insults to the CNS such as cerebral ischemia or various neurodegenerative diseases lead to the mobilization of NSCs from the niches as an endogenous attempt of selfrepair (Liu et al., 1998; Curtis et al., 2003; Jin et al., 2004; Zhang et al., 2008) . Cerebral ischemia in particular leads to a robust expansion of endogenous NSCs, as has been shown for various ischemia models including transient global ischemia (Liu et al., 1998) , transient focal ischemia (Jin et al., 2001; Arvidsson et al., 2002) , or permanent focal ischemia (Takasawa et al., 2002) . Incidentally, NSCs seem to contribute to regeneration after stroke mainly by providing neuroprotection and trophic support, reducing neuroinflammation and inducing remodeling, but not so much by replacing lost neurons (for review, see Chopp et al., 2009) . NSC expansion after stroke can be detected immunohistochemically by staining for proliferating cells. Microglia also proliferate after ischemic injury as part of the neuroinflammatory response (Denes et al., 2007) . In the uninjured brain, however, resting microglia do not typically proliferate unlike NSCs. Here, we found that the degree of NSC activation is determined by the extent of the ischemic lesion, and not by its pathogenesis (i.e., permanent or transient ischemia). This may indicate that the event of early reperfusion per se does not have a key effect on the brain's regenerative response.
To date, assessment of NSC mobilization requires the killing of experimental animals for immunohistochemical evaluation, making intraindividual treatment studies impossible. The development of pharmacological agents aimed at mobilizing the NSC niche would therefore greatly benefit from a noninvasive imaging method allowing for endogenous NSC visualization and quantification in vivo.
Here, we used a basic principle of immunohistochemical NSC detection ex vivo to develop an in vivo imaging assay: in ex vivo studies, the thymidine analog BrdU was applied systemically and accumulated in dividing cells, thus labeling NSCs. We next systemically injected radiolabeled thymidine ([ 18 short exposure time of 60 min before imaging data acquisition had to be started. Shields et al. (1998) (Buck et al., 2002; Cobben et al., 2003; Francis et al., 2003; Wagner et al., 2003; Ullrich et al., 2008) . The tracer is phosphorylated by the enzyme thymidine kinase 1 (TK1), which is expressed with the onset of the S-phase during DNA synthesis, its activity thus being a read-out for cellular proliferation. [
18 F]FLT accumulation was shown to be a reliable measure of the salvage pathway of DNA synthesis (Rasey et al., 2002; Schwartz et al., 2003) . After phosphorylation by TK1, [ 18 F]FLT is trapped within the cell and can therefore be visualized by PET (Kong et al., 1992) . To the best of our knowledge, this study is the first to suggest an application for [
18 F]FLT aside from oncology in stem cell research.
Several groups have previously attempted to establish imaging assays for endogenous NSCs, but to date very few approaches have proven feasible to date. Sumner et al. (2009) injected micron-sized particles of iron oxide into the lateral ventricle of rats and used MRI to monitor migration of NSCs from the SVZ along the rostral migratory stream into the olfactory bulb. Because of the high spatial resolution, MRI is indeed better suited than PET to precisely localize cells, but because of its lower sensitivity it requires a larger amount of labeled cells. Moreover, the labeling method of Sumner et al. (2009) involved injecting a large quantity of iron oxide particles into the ventricle, resulting in a considerable loss of signal and image distortion in the SVZ itself as well as in the midbrain region. Manganas et al. (2007) reported the discovery of a novel biomarker to visualize NSCs in both rodents and humans using proton magnetic resonance spectrosopy ( 1 H-MRS). However, these findings have since been greatly debated (Friedman, 2008; Hoch et al., 2008; Jansen et al., 2008 ) and remain to be validated. Couillard-Despres et al. (2008) used optical imaging on transgenic mice expressing the bioluminescent protein luciferase under transcriptional control of the doublecortin promoter that is specific to neuronal precursors and young neurons. However, this technique is restricted to transgenic animals and is further limited by the low resolution of optical imaging in general.
Here we demonstrate that [ 18 F]FLT-PET can be used not only to visualize endogenous NSCs in adult rats in vivo but also to quantify the expansion of the NSC niche induced by pharmacological stimuli and stroke. Although the resolution of PET does not allow single-cell imaging or analysis of cytoarchitecture, this noninvasive technique is perfectly suited for intraindividual and longitudinal studies. We expect this method to be valuable for screening and developing novel agents aimed at expanding the endogenous NSC niche, as well as for monitoring the efficacy of such treatments in longitudinal studies on animal models of disease. Moreover, [
18 F]FLT-PET could be used to clarify the role of NSCs in various CNS disorders at different disease stages.
